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Abstract 
Communicative hand gesticulations are tightly coupled to prosodic aspects of speech of 
speech. Psychologists have characterized this multimodal synchrony as a preplanning 
process governed by a cognitive timing mechanism acquired only later in development. 
However, it has recently been found that acoustic markers of emphatic stress arise 
naturally during steady-state phonation when upper-limb movements impart physical 
impetus on the body, most likely affecting acoustics via respiratory activity. In this 
confirmatory study, participants (N = 29) uttered consonant-vowel CV (/pa/) mono-
syllables in rhythmic fashion while moving the upper limbs (or not). We show that 
respiration-related movement is affected by (especially high-impetus) gesturing when 
vocalizations occur near peaks in physical impetus. We further show that gesture-induced 
moments of bodily impulses increase the amplitude envelope of speech, while not similarly 
affecting the Fundamental Frequency (F0). Finally, we find tight relations between 
respiration-related movement and vocalization, even in the absence of movement, and 
even more strong respiration-acoustic relations are found when upper-limb movement is 
present. The current findings expand a developing line of research showing that speech 
acoustics is modulated by functional biomechanical linkages between hand gesture and the 
respiratory system.  
Keywords:  Hand-gesture kinematics, acoustics, respiration, gesture-speech synchrony  
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I. Introduction 
 Prosody is a concept in speech science which targets the intonational and rhythmic 
features of utterances, which can serve syntactic, semantic, pragmatic, and affective 
purposes of communicative exchange. Utterances are often multimodal, such that prosodic 
aspects of speech unfold through dynamic interplay with prosodic aspects of co-speech 
gestures (Hübscher & Prieto, 2019; Rusiewicz & Esteve-Gibert, 2018; Shattuck-Hufnagel & 
Prieto, 2019; Wagner, Malisz, & Kopp, 2014). Prosodically relevant aspects of hand 
gestures have been roughly defined by salient kinematic moments, such as an expressive 
stroke or a sudden halt (Loehr, 2012; McClave, 1998; McNeill, 2005), and these moments 
have been quantified as a gesture’s peak in velocity or peak in deceleration (Danner, 
Barbosa, & Goldstein, 2018; Leonard & Cummins, 2011; Pouw & Dixon, 2019a, 2019b; 
Pouw, Trujillo, & Dixon, 2019; Rochet-Capellan, Laboissière, Galván, & Schwartz, 2008). 
Prosodically relevant acoustic aspects of speech that have been extensively studied in 
relation to gesture include peaks in the fundamental frequency (F0) of contrastively 
focused speech (e.g., Danner et al., 2018; Esteve-Gibert & Prieto, 2013; Krahmer & Swerts, 
2007; Krivokapic, Tiede, Tyrone, & Goldenberg, 2016; Loehr, 2012; McClave, 1998; Pouw & 
Dixon, 2019a, 2019b; Pouw, Harrison, & Dixon, 2019), as well as first and second formants, 
and intensity modulations (Krahmer & Swerts, 2007; Krivokapic et al., 2016; Pouw et al., 
2019). These acoustic markers are together co-constitutive of, for example, emphatic stress 
on the phrase level (referred to as “pitch accents”; e.g., she sees YOU vs. she SEES you). This 
growing literature is converging on the idea that gesture’s velocity patterns and speech 
prosodic patterns are tightly but flexibly coupled (Chu & Hagoort, 2014; Parrell, Goldstein, 
Lee, & Byrd, 2014; Pouw & Dixon, 2019a; Rusiewicz, Susan, Iverson, & Szuminsky, 2013), 
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raising more fundamental questions about the ontogenetic and cognitive origins of this 
tightly coupled system. 
There is a growing body of evidence that gesture’s coupling with speech can at times 
form a single coordinative structure (Chang & Hammond, 1987; Danner et al., 2018; Kelso, 
Tuller, & Harris, 1983; Krahmer & Swerts, 2007; Krivokapic et al., 2016; McNeill, 1992; 
Parrell et al., 2014; Pouw & Dixon, 2019a; Rochet-Capellan & Fuchs, 2014; Rusiewicz et al., 
2013; Treffner & Peter, 2002; Zelic, Kim, & Davis, 2015). For example, studies on 
monosyllabic vocalization while manual tapping show that when speech intervals are 
increasingly shortened there is an irresistible attraction towards synchronizing 
vocalization and taps in-phase, rather than an alternating anti-phase fashion (Chang & 
Hammond, 1987; Kelso et al., 1983; Treffner & Peter, 2002). This suggests that stabilities 
emerge from interaction between these systems. Further, when vocalizations are 
emphatically stressed (e.g., co-occurring with an increased mouth aperture), or when 
finger tapping is given a stress (by increasing the amplitude of the movement), it has been 
shown that the other modality will unintentionally also perform a stressed movement or 
utterance (Parrell et al., 2014; also see Krahmer & Swerts, 2007). In more natural gesturing 
contexts it has indeed been shown that calling out the name of an object while pointing to 
the object, drives speakers to synchronize the maximum extension of pointing movement 
with that of the stressed part of the vocalization (Esteve-Gibert & Prieto, 2013; Rochet-
Capellan, Laboissière, Galván, & Schwartz, 2008). Even when a gesture-speech system is 
perturbed by experimenters interfering with the execution of either hand movement or 
speech production, it has been shown that the other modality flexibly adjusts so as to 
maintain gesture-speech synchrony (Chu & Hagoort, 2014; McNeill, 1992; Pouw & Dixon, 
2019a). In sum, research has demonstrated that gesture and speech are tightly but flexibly 
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coupled without much deliberation by the speaker. Rather, the synchronization of gesture 
and speech seems to naturally emerge. 
 A particular biomechanical constraint for the emergence of gesture-speech 
synchrony that has recently been identified is the role of the physical impulse of gestural 
upper-limb movement on the respiratory system (Pouw et al., 2019). It was found that 
when vocalizing a steady-state vowel /ə/ (as in ‘cinema’) while making a higher-impulse 
arm movement versus lower-impulse wrist movement, especially higher-impulse actions 
leave an imprint on acoustics such that they are very much distinguishable from 
vocalizations made without movement. Specifically, positive peaks in F0 and the amplitude 
envelope are found at the moments where the upper-limb movement reaches a moment of 
acceleration or deceleration, i.e., moments of higher physical impulse. Such gestural effects 
on acoustics were more pronounced when participants were standing versus sitting, 
indicating an important role for postural integrity on the effect of physical impulses on 
acoustics (see e.g., Cordo & Nashner, 1982). 
In this previous research we hypothesized that the primary medium for gesture-
speech coupling is the physical body. This hypothesis derives from theory (Ingber, 2008; 
Levin, 2006; Turvey & Fonseca, 2014) and research (Silva, Moreno, Mancini, Fonseca, & 
Turvey, 2007) in biomechanics which emphasize that the (human) myofascial-skeletal 
system is a pre-stressed system with tensile (e.g., fascia) and compressive (e.g., bones) 
elements. This architecture not only allows for active postural equilibria such as standing 
upright, or keeping the scapula stable suspended on the thorax during upper limb 
movement (Levin, 2006), but more importantly it also poises the system to quickly 
organize multiple degrees of freedom in action and reaction by the fact that forces 
distribute through a tensioned medium. 
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Specifically, we suggested that impulsive forces produced by the motions of the 
upper limb reach the respiratory system via myofascial-skeletal force transmission, 
increasing alveolar (lung) pressures and thereby changing phonation acoustics. Figure 1 
illustrates a simple cyclic extension-flexion movement of the forearm about the elbow joint. 
This motion imparts forces on the body. By physical law, the forces transferred from the 
moving arm to the body depend upon changes in momentum of this effector (momentum 
effector = effector mass × effector velocity). Changes in momentum are captured via the 
physical property of impulse. Given that the mass of the effector is constant, impulse can be 
equated to acceleration (change in velocity). The sudden arresting of motion at the moment 
of a downbeat is consequently associated with an extremum in the magnitude of both 
impulse and acceleration. Changes in impulse will reverberate non-linearly (Levin, 2006) 
across the tensioned myofascial skeletal system. 
Figure 1. Gesture-relevant myofascial structures 
 
Note. Consider a cyclic extension-flexion movement cycle around the elbow joint such that there is a sudden 
stop at the moment of maximum extension (a downbeat). The sudden changes in velocity 
(deceleration/acceleration) at the maximum extension, but also at the maximum flexion, will mechanically 
transfer forces onto the myo-fascial skeletal system. This force transfer or physical impulse distributes over 
tensioned muscles that are stabilizing upper limb action and are accessory to respiratory control (e.g., 
Serratus Anterior). Furthermore, during the maximum extension, anticipatory muscle activations in the back 
and trunk are recruited to maintain posture (Aruin & Latash, 1995; Cordo & Nashner, 1982; Hodges & 
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Richardson, 1997). Specifically, TA and SPI are implicated in expiratory control while iliocostalis is implicated 
in stabilizing inspiratory action in raising the chest wall. Tensioning of these muscles further changes tonus of 
the heavily innervated thoracolumbar fascia, a prestressed connective tissue onto which many of the 
accessory respiratory muscles connect into (Turvey & Fonseca, 2014).  For this particular movement we have 
found that the physical impetus during the maximum extension increases F0 and intensity of steady-state 
phonation, and thus we must conclude from the current perspective that the net effect of physical impetus 
leads to an increase in subglottal pressure via changes in tonus in the accessory respiratory muscles. Anatomy 
pictures are obtained from Wikipedia by Mikael Häggström. 
 
Producing a simple cyclic extension-flexion movement of the forearm while also 
maintaining the posture of the body requires an ensemble of stabilizing muscle activations 
that are non-coincidentally also accessory respiratory muscles. For example, the scapula 
must be stabilized during these upper limb motions which is primarily provided by 
tensioning of the Serratus Anterior, which is also implicated in expiratory control (Smith, 
Nyquist-Battie, Clark, & Rains, 2003). Happening more distally from to the upper limb 
movement itself, there are anticipatory muscle activations occurring about 70-50 ms 
(Aruin & Latash, 1995; Bouisset & Do, 2008) before the peaks in physical impulse that are 
needed to counteract the destabilizing impulses. Such anticipatory muscles include 
transversus abdominus, rector abdominus, serratus posterior - all muscles that are also 
accessory to the control of expiratory flow (e.g., Cordo & Nashner, 1982; Hodges & 
Richardson, 1997). 
In the hierarchy of control for movement construction, as classically proposed by 
Bernstein (Bernstein, 1966), myofascial-skeletal tensioning is serving as the level of 
‘tonus’—an enabling background at which action unfolds by tuning the actions potential 
(Profeta & Turvey, 2018). Applied to gesture’s effect on vocalization, we propose that 
gesture can be one of several tuning parameters for vocalization. In this way, we emphasize 
an appreciation of how speech consists of “nested periodicities” (Kelso & Tuller, 1984, p. 
933; see also MacNeilage, 1998; Iverson & Thelen, 2005).  In the case of prosody, the nested 
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levels of activity can come to resonate (Raja, 2020; Gibson, 1966). A stressed syllable can 
be realized by organizing a resonating set of components that each contribute to reaching a 
prosodic target. For example, an increased tension of the vocal folds may resonate with 
increases in alveolar pressure as supported by mechanical loading of the upper limb 
movement. Thus, hand gestures can participate as a resonant element in a soft-assembled 
task-specific device that allows for reaching prosodic targets (Kugler & Turvey, 1987). Of 
course, gestures are not required to participate, or they may simply fall out of resonance 
with other levels of activity, as in the obvious case when there is no vocalization during a 
mechanical loading of gestures on respiration. 
If we carve up the human speech system into respiration, vocal cord, and 
articulatory levels of activity (MacNeilage, 1998), gestures’ physical impetus interacts at 
the level of respiration. During speech production, the main energetic driver is the elastic 
recoil of the lungs that drives subglottal pressure so as to expire. However, this elastic 
recoil is modulated by an ensemble of primary (intercostal muscles), as well as ensembles 
of accessory muscles, some of which we have previously discussed. This ensemble of 
muscles forms a uniquely complex control system which appears in humans to be 
specifically adapted for speech control (MacLarnon & Hewitt, 1999). In terms of the 
acoustics, the respiratory system primarily modulates the intensity of phonation. Increased 
subglottal pressures also increase the fundamental frequency (perceived as pitch) if the 
vocal cord tensioning remains unchanged (Baer, 1979; Lieberman, 1996). However, 
changes in subglottal pressure need not materialize into changes in F0 as the larynx is the 
primary modulator. With dynamic adjustments of the larynx, the same F0 can be 
maintained under different levels of subglottal pressures. Nevertheless, the respiration 
system can come to intentionally participate in modulating F0, as it has been observed that 
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short chest-pulses can support the production of emphatically stressed speech 
accompanied by increases in F0 (Fuchs, Petrone, Rochet-Capellan, Reichel, & Koenig, 2015; 
Ladefoged, 1968; Ohala, 1990; Petrone, Fuchs, & Koenig, 2017).  Thus, within the current 
line of thinking, gesture-induced physical impulses are likely to primarily affect intensity, 
and potentially F0, as has been observed in previous research with continuous 
vocalizations (Pouw et al., 2019; Pouw, Paxton et al., in press; 2019). 
I. A. Current study 
 Although there is evidence suggesting that gestures affect acoustics via the 
respiratory system, and that respiration-related muscle activity is sometimes implicated in 
emphatically stressed speech, it is yet to be directly tested that gesturing and prosodic 
aspects of speech are linked via the respiration system. Additionally, direct evidence for 
gesture’s biomechanical effects on acoustics are still based on a rather rudimentary 
paradigm (Pouw et al., 2019; Pouw, Paxton, Harrison, & Dixon, in press, 2019) where 
subjects need to produce steady-state vocalizations. Although there is indirect evidence 
that gestures might indeed affect acoustics through gesture-speech physics (Cravotta, 
Grazia, & Prieto, 2019), direct evidence is needed to show that physical impetus can affect 
more speech-like productions through respiratory modulations. 
 In the current study, participants uttered a consonant-vowel (CV) mono-syllable 
(/pa/) at 1-second intervals, where participants inhaled once to produce 8 CV vocalizations 
timed by a visual metronome. We studied timing and the magnitude of impulse of an upper 
limb movement in relation to its potential effect on key acoustic parameters (amplitude 
envelope and the F0), as well as its effect on chest-respiratory activity as measured through 
a respiration belt. Specifically, participants either vocalized mono-syllables without any 
movement (passive condition), or while moving the wrist or arm vertically at 1-second 
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intervals. Movements consisted of a stress in the downbeat such that faster velocities were 
produced with more forceful decelerations (i.e., downbeat) as compared to the upward 
(flexion) motion. Crucially, we trained subjects to either time the upper limb downbeat 
with the vocalization (in-phase condition), or to produce the vocalization when the 
movement was in a low-impetus flexion movement (90° out-of-phase condition). With this 
phasing manipulation, we tested whether the moment of physical impetus needs to co-
occur with the vocalization (as is the case for the in-phase condition)  to maximally impart 
effects on acoustics, rather than other moments in the same type of upper limb movement 
(i.e., during the 90° out-of-phase condition) . 
The current confirmatory study was preceded by preliminary findings (Pouw, 
Harrison, Esteve-Gibert, & Dixon, 2019) obtained from an exploratory dataset which 
formed the basis of the pre-registration of the current analysis (https://osf.io/x7zdc/). In 
this exploratory study, we found promising results which we tested here in replicatory 
fashion. We aimed to replicate whether gesturing in-phase leads to higher maxima in the 
vocalization parameters (amplitude envelope, F0, chest-respiratory activity) as compared 
to the passive condition. We then assessed whether high-impetus arm movements 
imparted more extreme effects on vocalization parameters than lower-impetus wrist 
movements, and whether in-phase movements were reliably different from out-of-phase 
movement in terms of vocalization maxima. We also more closely assessed whether 
temporal distance from the peak in deceleration predicts acoustic peaks in the vocalization. 
Finally, we investigated how chest-respiratory activity is related both to upper limb 
movement, as well as vocalization acoustics. 
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II. Method 
 Twenty-nine American-English speaking participants (21 cis-gender females and 8 
cis-gender males, M (SD) age = 19.35 (1.11), all right-handed) were tested in this study 
based on availability. As such, our participants were sampled from a narrow population 
and we need to be careful in generalizing to other potential populations. The design was 
fully within-subject, with a two-level movement-type condition (wrist vs. arm movement) 
and a two-level phasing condition (90° out-of-phase vs. in-phase). As a control condition, 
participants also performed a passive condition with no upper-limb movement during 
vocalizations. Each participant performed four blocked trials containing each crossed 
condition (in-phase wrist, in-phase arm, 90° out-of-phase wrist, 90° out-of-phase arm), 
next to a passive condition for each block. Thus 20 trials in total were performed with 8 CV 
mono-syllabic vocalizations for each trial. A maximum of 4,640 vocalizations were 
expected (29 participants x 20 trials x 8 vocalizations). Given participant errors (e.g., 
missing a vocalization because of skipping a beat, starting too late within the trial, or 
stopping too early) and one missed trial due to experimenter error, we obtained 4,585 
usable vocalizations.  
II. A. Materials, Equipment, and Measurements 
 II. A. 1. Respiration belt. To measure chest-wall kinematic activity, we used a NUL-
236 respiration belt (NeuLog, Inc.), sampling at ~30Hz, 15 ADC resolution, and a range of 
0-20.000 arbitrary units. The respiration belt has an air-filled bladder, embedded in a belt, 
which is to be fitted around the trunk. After fitting the belt around the lower chest area just 
below the sternum, the belt was filled with air by the experimenter with a hand-held pump; 
pressure was increased such that belt fitted comfortably but tightly around the 
participant’s trunk (for video tutorial see https://neulog.com/respiration-monitor-belt/). 
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This device provided measurements from a pressure sensor within the air-bladder, such 
that increasing trunk circumference results in higher pressure measurements. The 
respiration belt can therefore capture breathing cycles (with higher pressure indicating 
inspiration), but also chest-wall kinematics having to do with the tensioning of the (back-
)muscles around the trunk. We instructed participants to use one breath for each trial, as 
we wanted to gauge the overall physical activity around the respiratory system within the 
same breath cycle (referred to henceforth as chest-respiratory activity). Muscle tensions 
around the trunk will increase chest circumference shown as positive peaks in the 
respiration-belt readings as we will show below. The respiration belt provides pressure 
measurements in arbitrary units which we then rescaled by maximum and minimum air 
volume as pretested in a baseline trial. For each trial, we linearly detrended the respiration 
time series so as to remove the negative trend of chest-circumference having to do with 
beginning and end phases of the breathing cycle. 
 II. A. 2. Audio and hand-motion recording. We used a MicroMic C520 (AKG, Inc.) 
headset condenser cardioid microphone to obtain audio recordings. A Polhemus Liberty 
(Polhemus, Inc.) was used for motion tracking, with a single wired light-weight sensor 
attached to the index finger of the dominant hand. The sampling rate of the motion-tracker 
was set the same as the respiration belt (~30Hz), and vertical positions traces (z) and its 
first (vertical velocity - z’) and second derivatives (acceleration – z’’)  with respect to time 
were smoothed with a low-pass first-order 33Hz Butterworth filter; please see our 
annotated script for computations https://osf.io/37pzt/.  
 II. A. 3. Synchronization of recording. A c++ script was written (see 
https://osf.io/u2q4f/) to simultaneously record from the respiration belt, microphone and 
the motion tracker. The script contains code made available by Richardson (2009) written 
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for the Polhemus motion-tracking system, which was further modified to interface with the 
respiration belt’s API (https://neulog.com/software/), as well the recording for the audio 
handled by SFML audio package for c++ (https://www.sfml-dev.org/).   
 II. A. 4. Audio processing. We extracted F0 and the smoothed amplitude envelope 
(ENV) from the 44.1 kHz audio. We extracted F0 and ENV time series with 200Hz sampling 
rate. We automatically extracted acoustic traces from all audio using custom-written R-
scripts. Our F0 extraction script (https://osf.io/m43qy/) utilizes R-package wrassp 
(Bombien, Winkelmann & Scheffers, 2020) which applies a K. Schaefer-Vincent algorithm 
for F0 detection, with preset ranges for male (50-400hz) and female participants (80-
640Hz). For the smoothed amplitude envelope, we rewrote code originally scripted in 
PRAAT by He & Dellwo (2017), into an R-script (https://osf.io/uvkj6/) which 
automatically extracted the amplitude envelope of a set of files (Pouw & Trujillo, 2019). 
II. B. Aggregation and post-processing of data 
 With a custom R-script dedicated for post-processing of the data 
(https://osf.io/37pzt/), we aligned the acoustic time series data (F0 and amplitude 
envelope) together with the motion tracking and respiration time series data, by up 
sampling motion and respiration data to 200Hz. We used ELAN (Wittenburg, Brugman, 
Russel, Klassmann, & Sloetjes, 2006) to mark the beginning and end of each trial, which 
was fed as input for the R-script to extract relevant episodes from the data. The individual 
vocalic events within each trial were automatically identified by assessing the 8 longest 
runs of uninterrupted F0 observations within each trial. We observed that some of those 
runs had intermittent gaps in observations due to some failed tracking of F0, and therefore 
we linearly interpolated small gaps in F0 observations of up to 25 milliseconds (i.e., max 5 
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observations) within trials which aided the identification of the 8 vocalic events. The script 
further identified and marked relevant movement phases (e.g., the period of the 
movement), the timing between kinematic peaks (e.g., peak deceleration), the vowel 
midpoint, and relevant maxima observed in acoustics and kinematics, which would later be 
submitted for analysis. 
II. C. Procedure 
 Participants sat on a chair without arm rests (see Figure 2)1. Participants were 
instructed to sit upright at the front of their seats so as to not touch the back rest of the 
chair.  The respiration belt was then attached around the lower trunk and filled with air at 
still comfortable levels. The motion tracking sensor was attached to the dominant hand’s 
index finger, and the headset microphone was put on by the participant.  
 
1
 We chose a sitting position, as opposed to standing position, to minimize differences in posture between 
trials. This does reduce possible exaggerated effects of gesture on speech via anticipatory muscle activations 
which we have observed in previous research (Pouw, et al. 2019).  We also chose for lower-impetus unilateral 
versus higher-impetus bilateral movements, so as to ensure that we could accurately determine timing 
relations between vocalization and movement of one hand rather than having to account for two timing 
relations. We reason that if we still find similar gesture effects for sitting postures for unilateral movements, 
we have a more solid basis for these effects being generalizable to other contexts.  
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Figure 2. Example movement conditions 
 
Note. Schematic presentation of the movement conditions and measurements. The upper limb movements were 
performed in the sagittal plane, moving upwards (flexion phase) and downward (extension phase). There were higher 
velocities in the extension phase, and there was a sudden stop to be performed as the maximum extension was reached 
(high deceleration to the point of maximum extension). During these changes in velocity near the maximum extension 
there are mechanical loadings of the upper limb onto the body (i.e., physical impulse). The sudden stop is thus controlled 
by the participant’s counteracting flexion movement and not some kind of physical barrier. The figures have been modified 
from an open database (https://www.dimensions.guide/element/sitting-male-side-1). 
 
 For the first baseline measurement, we obtained participants’ maximum inspiration 
and expiration levels, which would later be used to rescale respiration belt measurements 
during the experiment. Then participants were shown a visual metronome, showing 8 
equally spaced tiles. Each tile would light up one-for-one with 1-second intervals (see 
https://osf.io/qr65j/). The visual metronome was used to visually delineate timing of the 
vocalizations within a trial, which should be initiated at one-second intervals for eight 
vocalizations in total (i.e., for each tile lighting up one vocalization was given). The start of 
the trial could be decided upon by the participants themselves, as long as they started their 
first vocalization at the illumination of the first tile of the visual metronome. The 
vocalizations were instructed to be as monotonically performed as possible for the whole 
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experiment (“please keep the same level of pitch and loudness during these vocalizations”), 
whereby any variability in intensity or pitch across vocalizations needed to be minimized. 
Participants were additionally instructed to vocalize eight times within one breath cycle. 
Thus, participants took one inhalation before the start of the trial and were asked to not 
inhale between vocalizations of the ongoing trail. This instruction helps reduce noisy 
estimates of chest-respiratory activity having to do with the indefinitely many respiration 
strategies participants could take (e.g., inhaling every two vocalizations, versus every 
fourth vocalization). We also asked participants to report if they accidentally inhaled 
within a trial (or made some other mistake), which only happened 7 times. Such trials were 
immediately redone by the participant. We do have to accept that in some cases 
participants might have subconsciously inhaled within vocalizations which adds noise to 
our measurements. 
 Subsequently, participants were familiarized with the movement conditions shown 
in Figure 2. For the passive condition, participants held their hands on their legs. For the 
arm-movement condition, participants were instructed to move their lower arm vertically 
up and down (in the sagittal plane) around the elbow joint, with no movement around the 
wrist or shoulder joint.  For the wrist-movement condition, there was only vertical 
movement around the wrist joint. In the wrist- and arm-movement conditions, participants 
were instructed to give a beat or contrast in the down-beat extension by more quickly 
moving downward (as compared to upward) and by quickly halting (decelerating) the 
movement in the maximum extension. These movements were used so as to create a 
physical impulse on the body, with more pronounced effects for the arm versus the wrist 
movements (Pouw et al., 2019). 
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 After introduction of the movement conditions, the phasing conditions were 
introduced (see also Figure 3). For the in-phase condition, participants produced CV 
productions together (i.e., in-phase) with the beat of the downward (extension) motion. 
Thus, for the in-phase condition when the downward motion reached zero velocity, then 
the vocalization needed to be made. This condition allows for the CV vocalization to occur 
at the moment where there is a physical impulse of upper-limb movement. For the 90° out-
of-phase condition, we aimed to have the CV vocalizations occur at the moment of least 
physical impetus. Namely, participants performed the same movement as before (faster 
downward motion, high deceleration in the extension phase), but they timed their CV 
vocalization at the moment where the wrist or arm was moving upward (flexion phase) 
after the beat (where velocity is most constant and > 0). The participants were explicitly 
asked to make sure the hand had initiated the upward motion before CV vocalization was 
made. This is a typical 90° out-of-phase phase relation. This vocalization-movement task 
was initially difficult for participants, especially as participants needed to flexibly alternate 
between these coordination regimes. Therefore, participants practiced for about 5 minutes, 
with the experimenter providing feedback. Namely, participants were asked to alternate 
between in-phase movement-vocalization and 90° out-of-phase movement trials (e.g., one 
out-of-phase with arm, then one in-phase with wrist, and then one out-of-phase with arm 
and then one in-phase with wrist). If participants were able to successfully complete these 
alternating trials for wrist and arm movements (so 4 trials) without clear incorrect timings 
(as observed by the experimenter) the main experiment would be initiated. If participants 
made a mistake, they were asked to start the sequence of practice trials over again. This 
familiarization phase resulted in a satisfactory performance in the final experiment (see 
manipulation checks in the next section).  
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Figure 3. Three example trials per illustration of the phasing and control conditions 
 
Running head: ENERGY FLOWS IN GESTURE-SPEECH PHYSICS 
Note Figure 2. This figure shows example trials performed by a male participant for the passive condition and the two 
phasing conditions in-phase and the 90° out-of-phase condition. Key measurements are shown: a) phasing relations of 
vocalization and movement, where it can be seen that vocalizations are timed around the maximum extension for the in-
phase condition (red shaded area indicate extension phases for the first 4 cycles) while this is not the case for the 90° out-
of-phase condition which has vocalizations in the flexion phases (as indicated by red shaded area). b) vertical 
displacement of the index finger (z movement; shown in black), c) Fundamental Frequency (F0) of vocalizations shown in 
red, d) the smoothed amplitude envelope shown in pink (which roughly traces the outlines of the waveform shown in 
green) and e) the concurrent respiration belt measurements shown in blue. f) To provide in indication how respiration is 
structured, spectral analysis (Fast Fourier Transform performed on linearly detrended time series) shows that for these 
trials there are consistent peaks around the 1 Hz range for the movement conditions, which suggests that the belt is 
reading movement-related chest-respiratory activity, where more varied periodicities are shown in the 90° out-of-phase 
and especially the passive condition. 
 
II. D. Manipulation Checks 
 II. D. 1. Phasing manipulation. Figure 4 shows that for the in-phase condition the 
timing of the vowel midpoint was tightly aligned, but slightly follows, the maximum 
extension, M = 84ms, SD = 154, 95%CI [83, 85]. If we look at 90° out-of-phase condition in 
figure 4, it can be seen that vocalizations are further away from the maximum extension at 
either side.  Note that we use the vowel midpoint for timing calculation as this is signal-
based timing anchor for the vocalization, where for each run of F0 observations during a 
vowel the middle observation is chosen as the representative F0 (i.e., midpoint F0). The 
bimodal distribution indicates arbitrary leader-follower assignment of movement versus 
vocalization (depending on which starts first). If we take the absolute value of the timings, 
we see that these 90° out-of-phase vocalizations occur at half the period of the 1-second 
movement cycle, M = 447ms, SD = 133, 95%CI [446, 448]. These timings indicate that our 
phasing manipulation was successful, with vocalizations in the in-phase condition being 
closer to the peak in physical impetus as compared to the 90° out-of-phase condition. 
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Figure 4. Timing distributions per condition  
 
Note.  Smoothed density distributions for the in-phase (solid lines) and 90° out of phase condition (dotted 
line) for the observed timings of the middle of the vowel event relative to the moment of maximum extension 
of the upper limb movement (indicated by the red vertical bar at timing = 0ms). The upper panel shows the 
timing distributions for the arm movement condition and the lower panel shows the wrist movement 
conditions. Negative timings indicate that the maximum extension followed the vocalization while positive 
timings indicate that vocal midpoint followed the maximum extension. 
 
II. D. 2. Movement conditions. From the means and confidence intervals shown in 
Table 1, we can see that moving one’s arm versus wrist leads to more extreme positive and 
negative vertical velocity, as well as higher vertical amplitude of the movement, while 
having similar movement periods around one second. For the phasing conditions, it can be 
obtained from the overlapping confidence intervals in Table 1 that the negative as well as 
positive velocity, and the movement’s vertical amplitude for the flexion and extension 
phase was across the board comparable for the in-phase and 90° out of phase condition, 
suggesting that phasing relation with vocalization did not dramatically change the 
kinematics of the upper limb movements. Note, however, that the 90° out of phase 
condition did have slightly longer movement periods as compared to in-phase conditions. 
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This is possibly because participants in the 90° out-of-phase condition were extending 
their movement periods so as to provide a more comfortable amount of time for the 
vocalization to occur (see e.g., Stoltmann & Fuchs, 2017), which is corroborated by our 
finding that flexion as well as extension amplitude is slightly higher during 90° out of phase 
movement (as compared to in-phase movement). 
Table 1. Descriptives of upper limb kinematics per condition 
  Wrist 
Beat 
Mean (SD)  




[95%CI: lower, upper] 
Max negative 
















Max positive velocity 























988 (167)  
[977, 999] 
 
1010 (156)  








































Note. The max negative velocity is given in cm/s and indicates the average vertical velocity attained in the extension 
phases, while the positive velocity indicates the average maximum vertical velocity during of the flexion phases. 
The duration is given in milliseconds and indicates the time for a movement cycle (period) to complete, which 
should be around 1 second (the inter-vocalization interval). The flexion and extension amplitude are given in 
centimeters and is the vertical amplitude of the flexion and extension movement (averaged over all movement 




ENERGY FLOWS IN GESTURE-SPEECH PHYSICS      22 
II. E. Analysis information and alpha restriction 
The R analysis script can be found on the OSF (https://osf.io/csk5g/). For all 
regression analyses, we use mixed regression analysis implemented by R-package nlme 
(Pinheiro, Bates, DebRoy, Sarkar, & R Team, 2019) with maximum likelihood estimation. 
We also use EMAtools (Kleiman, 2017) to produce Cohen’s d effect sizes for nlme models. 
Unless otherwise indicated, we always include a random intercept for participant in our 
models. As stated in the pre-registration, given that we have four major analyses, we will 
only treat p’s < .013 (alpha = .05 divided by 4) as indication for statistical significance. 
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III. Results 
III. A. Descriptives 
 Table 2 provides descriptive overview of key vocalization markers. Throughout the 
analyses that follow, we always use z-standardized, acoustic and respiration 
measurements. This z-transformation is applied within subjects, such that individual 
variability in these measurements (e.g., differences in F0 due to sex) do not lead to artefacts 
disguising as effects of interest. Figure 5 contains an overview of the key results. 
 
















Duration phonation (ms) 298 (107) 282 (111) 278(104) 284 (118) 275 (106) 
Max F0 (z) 
Max F0 Male (Hz) 
















Vowel Midpoint F0 (z) 
Midpoint F0 Male (Hz) 
















Max Amplitude Envelope (z) 2.18 (0.79) 2.26 (0.82) 2.00 (0.83) 2.41 (0.91) 0.91 (0.83) 
Max Respiration (z) 0.21 (1.02) 0.49 (0.91) 0.23 (0.85) 0.74 (1.03) 0.21 (1.00) 
Note. The average duration of vowel phonation of the CV utterance is given in millisecond time. The maximum of the z-
standardized (z) and raw (Hz) measurements of F0, Midpoint F0, Amplitude envelope and Respiration are averaged for 
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Figure 5. Acoustic and respiration maximum ordered by condition
 
Note. This graph shows the key acoustic      measurements of the CV utterances, as well as the statistically reliable 
contrasts (in red; * p < .013) we obtained from statistical modeling (reported in Section III. B. and section III. C.). Key 
measures were the amplitude envelope, F0 and respiration-related movement (respiration) maxima per vocalization 
event, z-standardized at the participant level. For each condition the mean and quartiles are shown as boxplots, and 
distribution of the observations are shown using violin outlines. We obtain that passive condition had lower respiration 
and amplitude maxima as compared to in-phase movements, and had higher intensity as compared to out-of-phase 
movement for intensity. Our follow-up analysis obtained that for respiration and amplitude envelope there is generally 
higher respiration and intensity maxima for in-phase versus out-of-phase movement. Finally, arm movements had higher 
maximum for intensity as compared to wrist movements, and this was the case for respiration as well, but only for in-
phase movements. Figure C in the supplemental materials further shows the overall trajectories of vocalization events as 
modeled by Generalized Additive Modeling. Plots of all trajectories for all vocalizations can be found on our supplemental 
OSF webpage for the envelope, F0, and respiration data.  
 
III. B. Movement versus passive control condition 
Firstly, we assess whether moving in-phase or 90° out-of-phase leads to heightened 
peaks in the amplitude envelope, F0, and respiration-related movement (Respiration) as 
compared to the passive control condition. The results of the mixed regression analysis are 
shown in table 3. We obtain that the maximum amplitude envelope is higher for the in-
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phase movement condition, and lower for the 90° out-of-phase condition, as compared to 
the passive control condition. These results are the same for the maximum respiration-
related movement. We do not obtain that movement or movement-phasing affects F0 as 
compared to the passive condition. Thus, moving the upper limbs so that the physical 
impulse occurs together with the vocalization increases amplitude of speech and is 
associated with higher respiration-related movement as compared to not moving during 
vocalizations.  
Table 3. Mixed regression modeling of passive versus phasing condition 
Max ENV (z-scaled) 
Passive (intercept) 
Passive vs. In-phase movement 

















Max F0 (z-scaled) 
Passive (intercept) 
Passive vs. In-phase movement 

















Max Respiration (z-scaled) 
Passive (intercept) 
Passive vs. In-phase movement 

















Note. ‘b’ provides the slope estimate for the model predictors. 
 
III. C. The role of physical impetus and phasing in upper-limb movement 
vocalizations 
Having ascertained that the passive condition is distinguishable from movement 
conditions, for our next analyses we assessed more closely the different roles of movement 
type (wrist vs. arm) and phasing for the movement conditions only. Table 4 provides the 
results of the mixed regression analysis, where interactions between movement and 
phasing are only reported when found reliable (as established by significant test of the 
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change in Chi-squared between model with and without the interaction added). Again, we 
find no statistically reliable effects for conditions on maximum F0. However, we did find 
that the amplitude envelope maximum was higher for high-impetus arm movements as 
compared to lower-impetus wrist movements. Additionally, there was a statistically 
reliable effect of phasing, with in-phase condition leading to higher peaks in the amplitude 
envelope as compared to the 90° out-phase condition. Similar main effects for movement 
type and phasing were also found for the maximum respiration-related movement (max 
respiration), next to an interaction effect of movement type and phasing. Further assessing 
this interaction with post-hoc analysis (R-package lsmeans; Lenth & Lenth, 2017) with 
Bonferroni correction, showed that only in the in-phase condition did arm movement lead 
to higher peaks in respiration-related movement as compared to wrist movement. In the 
90° out-of-phase condition, movement type was not a statistically reliable predictor. These 
analyses further confirm that the in-phase condition is associated with higher peaks in 
amplitude envelope and respiration-related movement, and higher impulse arm 
movements are associated with higher peaks as compared lower impulse wrist 
movements.  
Importantly, we also see clearly that the F0 is not affected by our manipulations. 
There is a possibility that maximum F0 is a noisy point-estimate not representative of the 
F0 trajectory as it has been found that (possibly due to vocal fold pre-stiffening) that after a 
voiceless plosive consonant, F0 often settles on a stable level at later moments in the vowel      
(Hanson, 2009; Löfqvist, Baer, McGarr, Seider Story, 1989). However, we also explored 
other markers such as the F0 midpoint to get a measurement of more stable F0 levels 
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reached at later portions in the vowel, and the effects remain the same. Thus, it seems that 
F0 is largely unaffected by movement type and phasing condition.2 
 
Table 4. Mixed regression passive versus phasing condition 
Max amplitude envelope (z-scaled) 
Intercept 
Phase (Out-of-phase vs. In-phase) 

















Max F0 (z-scaled) 
Intercept 
Phase (Out-of-phase vs. In-phase) 

















Max respiration (z-scaled) 
Intercept 
Phase (In-phase vs. Out-of-phase) 
Movement (Wrist vs. Arm) 
Phase x Movement 
 
Phase x Movement Posthoc 
In-phase: Wrist vs. Arm 

































Note. The mixed regression coefficients are shown per acoustic parameter. Note that for modeling maximum respiration 
we find a statistically reliable interaction between movement type and phasing (indicated in bold), wherein we further 
probed the relation between movement type for each phasing condition separately. Only in the in-phase condition (but 
not 90° out-of-phase) we see that wrist movement has lower peaks in respiration as compared to arm movements. 





 However, we also have performed more powerful exploratory non-linear regression analyses using 
Generalized Additive Modeling (GAM) whereby we modeled the entire non-linear trajectory of the acoustic 
and respiration-related movement. These exploratory results are reported in the supplemental materials, and 
while they fully replicate our main current confirmatory conclusions about the amplitude envelope and 
respiration-related movement, we also obtained that movement (but not phasing) now does lead to higher F0 
trajectories as opposed to the passive condition, with more pronounced effects of high-impetus arm versus 
low impetus- movement. Nevertheless, these effects seem very subtle and we should be careful with equating 
such effects with the magnitudes of the effects for the amplitude envelope and the respiration-related 
movement.  
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III. D. The Role of the Temporal Distance Between the Peak of Physical Impulse and 
the Vocalization 
Having ascertained that the in-phase condition lead to higher peaked amplitude 
envelope and respiration-related movement, our third investigation will look into this 
particular phasing condition to see whether we can directly confirm that the temporal co-
occurrence of physical impetus with vocalization, is crucial for affecting acoustic      
parameters. We investigated this by assessing for each vocalization how far the midpoint 
was temporally removed (in milliseconds, and in absolute terms) from the nearest peak in 
deceleration of the upper limb movement (proxy for peak physical impulse).  
Figure 6 shows these correlations, and table 4 provides the mixed regression 
analysis. We find that next to effect of movement type, that the closer the vocalization is to 
the peak deceleration, the higher the peak in the amplitude envelope and the peak in 
respiration-related movement. Again such relations are not found for the F0.   
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Figure 6. Distance in peak deceleration plotted against vocalization parameters 
 
Note. For each acoustic parameter and movement type condition the z-scaled maxima are plotted on y-axis and the 
absolute deviance in milliseconds of the peak in deceleration (occurring at ms = 0) and the midpoint F0. It can be seen 
that especially for the arm movement condition (but also wrist motion) there is a population level negative trend for 
amplitude envelope and respiration-related movement, such that the further temporally removed the vocalization was 
from the peak in deceleration the lower the height of the peak. 
 
 
Table 5. Physical impetus timing predicts height of acoustic peaks 
Max ENV (z-scaled) 
Intercept 
Movement: Wrist vs. Arm 

















Max F0 (z-scaled) 
Intercept 
Movement: Wrist vs. Arm 



















Movement: Wrist vs. Arm 
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III. E. Relation between respiration and acoustic peaks 
It is still possible that the respiration-related movement associations with upper 
limb movements are an artefact of movement, without playing a role in vocal activity. 
However, our exploratory analysis shows (see figure 7) that even in the passive condition 
there is a positive relation between the maximum amplitude envelope respiration-related 
movement, b = 0.20, b 95%CI[0.15, 0.25], t (894) = 7.82, p <.001, Cohen’s d  = 0.523, such 
that higher peaks are obtained when higher respiration-related movement is observed. 
This association of respiration and acoustics for the passive condition was not reliable for 
F0 at our predefined threshold, b = 0.08, b 95%CI[0.015, 0.14], t (924) = 2.40, p = .016, 
Cohen’s d  = 0.160 . The relation between respiration and amplitude envelope was reliably 
more extreme for the movement conditions, b = 0.27, b 95%CI[0.25, 30], t (3630) = 7.82, p 
<.001, Cohen’s d  = 0.666, with no moderating role for this respiration-amplitude 
correlation for movement type or phasing of movement. For the movement conditions a 
similar correlation - but of much smaller magnitude - was surprisingly obtained for F0 and 
respiration, b = 0.09, b 95%CI[0.06, 0.13], t (3630) = 4.77, p <.001, Cohen’s d  = 0.155, 
suggesting that F0 is not entirely immune to movement-related effects via respiration.  
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Figure 7. The relation of respiration-related movement and height acoustic peaks 
 
Note. For the acoustic parameters of the vocalization (amplitude envelope and F0) we plot on the y-axis the peak height of 
each of the vocalizations made against the peak height of the chest-respiratory movement. It can be seen that there are 
consistent positive relations between respiration-related movement and the amplitude envelope, such that higher 
amplitude vocalizations occurred more often with higher respiration-related movement. This again is not apparent for F0, 
but participant-level mixed regression analysis did obtain a small effect for a positive respiration-F0 scaling for the 
movement conditions. 
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Note that for our confirmatory analysis we also planned to further probe the 
relation between respiration and movement in the in-phase condition alone, so as to 
predict acoustic peaks based on the degree of frequency coupling between upper-limb 
movement and respiration-related movement. We proposed to do this with cross-wavelet 
analysis by quantifying the degree to which respiration-related movement periodicities at 
the 1-second interval range was correlated with the movement’s periodicities.  The 
correlation between the periodic structure of two signals (respiration and movement time 
series) is expressed with a ‘coherence’ coefficient ranging from 0-1 (no correlation to 
perfect correlation). This analysis is fully reported in the supplemental materials. Our 
analyses were fully inconclusive, with all correlations between respiration-movement 
coherence and acoustic peaks statistically unreliable. We suspect that this lack of a relation 
was caused by a lack of variability between respiration-movement coupling, which showed 
on average very high periodicity correlations, M coherence = 0.92 (SD = 0.08) with a heavy 
tailed (non-normal) distribution tending towards perfect correlation of coherence = 1.00 
(see Figure 8). Thus, movement and respiration-related movement was very highly 
correlated according to these analyses, but these coherence coefficients failed to be 
predictive for acoustic peaks (F0 or Amplitude Envelope) possibly due to said artefacts of 
non-normality and lack of variability. 
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Figure 8. Density distribution of coherence estimates between movement and respiration 
 
Note. Density distribution of the coherence estimates for each vocalization. It can be seen 
that very high coherences are observed for respiration-related movement and upper limb 
movement, bordering perfect correlations of coherence = 1. 
 
However, note that we find in our previous confirmatory analysis clear effects of 
movement type and phasing on respiration-related movement, which is now also 
confirmed by the above coherence analysis. Further, we find in our exploratory analysis 
that respiration-related movement and the amplitude envelope peaks are strongly 
correlated. Thus, we think we can fully rest our case that respiration, upper limb 
movement, and acoustics are interconnected. 
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IV. Discussion 
When moving the upper limbs so that the physical impulse of that movement co-
occurs near the vocalization (in-phase condition) we obtain higher amplitude envelope and 
higher respiration-related movement as compared to a passive (no-movement) condition, 
or as compared to a movement condition wherein the peak in physical impulse was 
temporally removed from the vocalization (90° out of phase condition). In all these cases, 
the heightened acoustic and respiration-related movement effects of in-phase condition 
were more pronounced for arm movements as compared to wrist movements, replicating 
earlier work on physical impetus and acoustics (Pouw et al., 2019; Pouw, Paxton, et al., in 
press, 2019). We obtain further evidence for a crucial role of physical impetus in the in-
phase condition wherein vocalizations that occurred closer to the peak in deceleration had 
higher amplitude and concomitant respiration-related movement as compared to 
vocalizations that were further temporally removed from the peak physical impetus. 
Additionally, respiration-related movement is not merely artefactual to upper limb 
movement but also reliably predicts height of the amplitude envelope peaks when there is 
no upper limb movement, and is more closely related to acoustic peaks when co-occurring 
with movement (even to some more minimal extent for F0). However, for all analyses F0 of 
CV utterances were not (or at least much less) affected by movement type, phasing, and 
much less modulated by respiration-related movement during upper limb movement. 
An important reason that might explain why F0 is not similarly affected by a 
gesture-induced physical impetus in the current /pa/ utterances is that the vocal cords can 
counteract any energy bump that is imparted by an upper limb movement in the 
maintenance of a steady F0 output. Thus, while the amplitude of speech is necessarily 
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affected by sudden gesture-induced changes in lung pressures (as this energy needs to be 
dissipated somehow), changes in F0 need not materialize necessarily as F0 is in most part 
controlled by the vocal cords.  
Another important factor that will play a role in whether upper limb effects on F0 
actually materialize, is that of intentional control of the vocal folds. For example, in a study 
on pointing, it was found that regardless of a voiceless plosive consonant preceding the 
vowel of an accented syllable, positive F0 excursions are found at the moment of the abrupt 
stop of the pointing movement (i.e., the deceleration of the gesture referred to as the ‘apex’ 
of the gesture). It is possible that such excursions are thus either not produced through 
gesture-speech physics at all, as they are produced via other sensorimotor solutions 
(Perrier & Fuchs, 2015), or alternatively gestures’ biomechanical effects are allowed to 
arise as they are congruent with the prosodic target of accenting the syllable. Indeed, it is 
very important to emphasize that in the current task, participants are deliberately asked to 
give a stable and monotonic vocal output regardless of movement and phasing conditions.  
IV. A. Gesture-speech synchrony as an embodied innovation 
      The current findings make for a more compelling case that gesture-speech 
synchrony may be grounded in biomechanical linkages between upper limb movement and 
the respiratory system. Specifically, in the current case a clear acoustic marker of speech 
rhythm (Chandrasekaran, Trubanova, Stillittano, Caplier, & Ghazanfar, 2009; Tilsen & 
Arvaniti, 2013), the amplitude envelope, is affected by concurrent upper limb movement. 
As such, gesture-speech entrainment might not be an arbitrary cognitive invention. Rather 
it is plausible that gesture-speech synchrony occurs because it allows for functional 
biomechanical linkages that constrain speech production (Blasi et al., 2019; Hardus, 
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Lameira, Schaik, & Wich, 2009). The non-arbitrariness of vocal productions as it relates to 
bodily properties dovetails with observations that non-human mammals’ vocalizations 
contain indexical cues of body size (Pisanski, Cartei, McGettigan, Raine, & Reby, 2016). 
Orangutans even modulate their vocalization acoustics by cupping the hands in front of the 
mouth which affects spectral center of gravity, supposedly so as to be perceived by 
predators as more threatening in size (Hardus et al., 2009; see also Boer, Which, Harus, 
Lameira, 2015). As such, much like other speech properties that may have arisen out of 
embodied constraints (Blasi et al., 2019; Dediu, Janssen, & Moisik, 2019; Ćwiek & Fuchs, 
2019; see Fuchs, 2019 for a discussion), gesture-speech synchrony may have arisen 
phylogenetically as an effort to gain control of what we know has been a difficult feat to 
acquire for human primates given the general poor vocalization (as opposed to more 
advanced articulatory) control in our closest living ancestors (Ghazanfar, 2013).  
 The current research builds on a host of research showing tight, but flexible, 
coupling of the gesture and speech system (Chu & Hagoort, 2014; Danner et al., 2018; 
Esteve-Gibert & Prieto, 2013; Fuchs et al., 2015; Kelso et al., 1983; Krivokapic et al., 2016; 
Loehr, 2012; McClave, 1998; McNeill, 1992; Parrell et al., 2014; Pouw & Dixon, 2019b, 
2019a; Rochet-Capellan et al., 2008; Shattuck-Hufnagel & Prieto, 2019; Treffner & Peter, 
2002; Zelic et al., 2015). What the current research adds is that it identifies a biomechanical 
route for manual gestures’ imprint on acoustics. This biomechanical linkage may also offer 
a more powerful explanation for recent research in machine learning. In this research, it 
was shown that person’s gestures can be near-perfectly synthesized by a deep neural 
network (DNN) based on novel input of speech. Here a DNN was pre-trained on the 
association between gestural movement and speech acoustics (Ginosar et al., 2019; see also 
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Kucherenko, Hasegawa, Henter, Kaneko, & Kjellström, 2019). That such DNN’s can 
reconstruct gesture kinematics based on speech acoustics alone, suggests that there must 
be a tight link between acoustics and manual movement that are still to be fully 
appreciated and understood by gesture-speech researchers. We think the current line of 
research may prove to be a significant constraint on acoustics that may explain such deep 
learning modeling successes of gesture trajectories. However, we also need to acknowledge 
that the current effects might not generalize to fluent speech. 
 Indeed, the current research is in its infancy. While it is tempting to generalize, we 
do not know how gesture-induced forces affect complex spontaneous speech acoustics. We 
should be even more cautious as there are no clear gesture effects on F0 when phonation is 
led by a voiceless plosive consonant.  However, there are encouraging findings from more 
natural gesturing contexts, where it is reported that instructing speakers to gesture more, 
boosts F0 ranges of speech (Cravotta et al., 2019). The onus for current basic line of 
research lies in devising experiments that increasingly approach natural spontaneous 
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V. Appendix 
Results movement-respiratory coherence and acoustic peaks analysis 
For our final confirmatory analysis, we wanted to further investigate the relation 
between movement and respiration and how this related to acoustics. Specifically we 
hypothesized that a higher coupling between movement of the upper limb with that of 
respiration-related movement would lead to higher acoustic peaks (F0 & amplitude 
envelope) for the in-phase condition  - we ignore the other conditions in this analysis as we 
have already ascertained that the passive and 90° out-of-phase condition did not lead to 
higher acoustic peaks. We reasoned that since the movement periods were about 1 second 
for all participants, we could therefore detect in the respiration belt signal similar 1-second 
periods and see if they were correlated with the movement periods.   
To assess the correlation (i.e., coherence) between movement and respiration time 
series we performed cross-wavelet analysis with R-package WaveletComp (Rosch & 
Schmidbauer, 2014). Cross-wavelet analysis has the advantage of assessing coherence 
between two time series in a time-dependent way, such that we can estimate the coherence 
at a particular point in time, e.g., at the moment that the participants was vocalizing. For 
the cross-wavelet analysis we set the period range at 0.8 to 1.2 seconds, thereby 
quantifying the strength of periodicity coupling within these intervals. We entered vertical 
movement displacement (z) of the upper limb and respiration belt time series into this 
analysis so as to produce time-dependent coherence estimates. Then for each vocalization 
we determined the maximum observed coherence at the midpoint of the vocalization (see 
Figure A for more information). 
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Subsequently, similar to the previous analysis we performed mixed linear 
regressions whereby we assess whether movement-respiratory coherence predicted 
acoustic peaks (see Figure B for scatter plots). Coherence was not predictive for maximum 
amplitude envelope, b = -0.39, p = .071. Movement-respiratory coherence also was not 
predictive for maximum F0, b = -0.20, p = .496. 
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Figure A. Example cross-wavelet analysis of a single trial 
 
Note. For the cross-wavelet analysis we assessed for each trial the correlation (i.e., coherence) between the periodicity of 
respiration-related movement (see respiration belt time series in blue) and the periodicity of movement (see vertical z 
movement time series in black) at the moments that there was vowel vocalization.  The shared periodicities are detected 
by cross-wavelet analysis and a cross-wavelet plot shown indicating a shared periodicity around 1 second. Because 
coherence estimates are less reliable at the start and tail of the timeseries we only extracted four maximum coherence 
estimates per trial for the middle vocalizations (as indicated by the black bars). These coherence estimates could then 
later be related to acoustic peaks. 
Figure B. Movement-respiratory coherence estimates and height peaks vocalization 
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Generalized Additive Modeling of Vocalization Events 
 Generalized additive modeling is a method for non-linear multilevel regression of a 
time series (Arnold, Wagner, & Baayen, 2013; Wieling, 2018; Wood, 2017). Thus, instead of 
modeling a single observation-point representative of some aspect of the trajectory (e.g., 
maximum) as we did in the confirmatory analysis, we can also model the non-linear 
trajectory in its entirety. GAM uses a set of smooth base functions to model non-linear 
relations between predictors (usually time) and some dependent variable. We performed 
GAM by adopting a maximum likelihood method, using R packages gam (Hastie & Hastie 
2008) and mgcv (wood, 2017) for plotting fitted trajectories. Similar to our 
confirmatory analyses we use participant as random intercept for all the modeling. As 
factorial we submitted pooled phase and movement condition (Passive, Wrist-in phase, 
Arm in-phase, Wrist 90° out-of-phase, Arm 90° out-of-phase) so as to differentiate 
trajectories against the Passive control condition. We used the start of the vowel 
vocalization up to 400 ms as the time interval that will be modeled for each vocalization 
event. This cutoff of 400 was chosen as we know that only a few participants phonated 
longer than this and therefore modeling estimates become unreliable at the tails of the 
trajectories. We performed three separate GAM’s to assess the different trajectories over 
time per condition for the amplitude envelope, F0 and the respiration belt data. 
 Table I provides the results for the parametric coefficients are given for each 
condition comparison. These coefficients indicate whether the non-linear trajectory is 
relatively shifted upwards (positive coefficient) or downwards (negative coefficient) 
relative to the intercept (i.e., passive control condition). Note that in all analysis the non-
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linear smooths were significant too, as indeed the trajectories are not linearly related to 
phonation time (e.g., amplitude envelope rises and falls over time). 
 The GAM results are reported in table II and the fitted trajectories are plotted in 
Figure C. The amplitude envelope and respiration results fully confirm our analysis from 
the main results. Namely, higher amplitude envelope and respiration-related movement is 
obtained when participants are moving in-phase and this is more extreme for higher 
impetus arm movements. For the amplitude envelope you also see clearly detrimental 
effects of 90° out-of-phase movement, leading to lower amplitude as compared to the 
passive condition.  
 Note that for F0 we do now find significant differences of movement versus passive 
condition, with more extreme effects for when participants were moving with the arm vs 
wrist. The phasing conditions showed similar coefficients. Thus, we obtain some 
exploratory evidence that there are subtle changes in F0 trajectories when moving versus 
not moving with higher physical impetus. 
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Table II. GAM parametric coefficients per vocalization parameter 
Amplitude envelope 
Intercept (Passive) 
Wrist in-phase vs. Passive 
Arm in-phase vs. Passive 
Wrist out-of-phase vs. Passive 



















Max F0 (z-scaled) 
Intercept (Passive) 
Wrist in-phase vs. Passive 
Arm in-phase vs. Passive 
Wrist out-of-phase vs. Passive 





















Wrist in-phase vs. Passive 
Arm in-phase vs. Passive 
Wrist out-of-phase vs. Passive 






















Running head: ENERGY FLOWS IN GESTURE-SPEECH PHYSICS 
Figure C. Fitted trajectories with GAM for vocalization parameters 
 
 
Note. The fitted trajectories are shown for the different vocalization parameters. The shaded areas indicate 95%CI’s. It can be seen that 
relative height of the trajectories replicate our main findings. Such that the arm in-phase movement lead to highest peaks in amplitude 
envelope and respiration-related movement, followed by the wrist-in phase, passive, arm 90° out-of-phase, and wrist 90° out-of-phase. For 
the F0 trajectories we can see that especially around 100 milliseconds into phonation there are clear deviances from the passive control 
condition with heightened trajectories for high-impetus arm-movements (regardless of phasing). 
  
Running head: ENERGY FLOWS IN GESTURE-SPEECH PHYSICS 
VI. References 
Aruin, A. S., & Latash, M. L. (1995). Directional specificity of postural muscles in feed-
forward postural reactions during fast voluntary arm movements. Experimental 
Brain Research, 103, 323–332. http://dx.doi.org/10.1007/BF00231718 
Arnold, D., Wagner, P., & Baayen, R. H. (2013). Using generalized additive models and 
random forests to model prosodic prominence in German. Proceedings of 
Interspeech 2013, 272-276. 
Baer, T. (1979). Reflex activation of laryngeal muscles by sudden induced subglottal 
pressure changes. Journal of the Acoustical Society of America, 65, 1271-1275. 
https://doi.org/10.1121/1.382795 
Boer, B. de, Wich, S. A., Hardus, M. E., & Lameira, A. R. (2015). Acoustic models of orangutan 
hand-assisted alarm calls. Journal of Experimental Biology, 218(6), 907–914. 
https://doi.org/10.1242/jeb.110577 
Bouisset, S., & Do, M. C. (2008). Posture, dynamic stability, and voluntary movement. 
Clinical Neurophysiology, 38, 345–362. 
http://dx.doi.org/10.1016/j.neucli.2008.10.001 
Blasi, D. E., Moran, S., Moisik, S. R., Widmer, P., Dediu, D., & Bickel, B. (2019). Human sound 
systems are shaped by post-Neolithic changes in bite configuration. Science, 
363(6432), eaav3218. https://doi.org/10.1126/science.aav3218 
Bernstein, N. (1966). The co-ordination and regulation of movements. 
London, UK: Pergamon Press. 
Bombien L, Winkelmann R, Scheffers M (2020). wrassp: an R wrapper to the ASSP Library. R 
package version 0.1.9. 
ENERGY FLOWS IN GESTURE-SPEECH PHYSICS      46 
Chang, P., & Hammond, G. R. (1987). Mutual interactions between speech and finger 
movements. Journal of Motor Behavior, 19(2), 265–274. 
https://doi.org/10.1080/00222895.1987.10735411 
Chandrasekaran, C., Trubanova, A., Stillittano, S., Caplier, A., & Ghazanfar, A. A. (2009). The 
natural statistics of audiovisual speech. PLoS Computational Biology, 5(7), 
e1000436. doi: https://doi.org/10.1371/journal.pcbi.1000436 
Chu, M., & Hagoort, P. (2014). Synchronization of speech and gesture: Evidence for 
interaction in action. Journal of Experimental Psychology: General, 143(3). 
https://doi.org/10.1037/a0036281 
Cordo, P. J., & Nashner, L. M. (1982). Properties of postural adjustments associated with 
rapid arm movements. Journal of Neurophysiology, 47(2), 287–302. 
https://doi.org/10.1152/jn.1982.47.2.287 
Cravotta, A., Busà, M. G., & Prieto, P. (2019). Effects of encouraging the use of gestures on 
speech. Journal of Speech, Language, and Hearing Research. 
https://doi.org/10.21437/SpeechProsody.2018-42 
Ćwiek, A. & Fuchs S. (2019). Iconic prosody is rooted in sensori-motor properties: 
Fundamental frequency and the vertical space. In Proceedings of the 41st Annual 
Meeting of the Cognitive Science Society, J. Davies & E. Chrysikou (eds.), pp. 1572-
1578. 
Danner, S. G., Barbosa, A. V., & Goldstein, L. (2018). Quantitative analysis of multimodal 
speech data. Journal of Phonetics, 71, 268–283. 
https://doi.org/10.1016/j.wocn.2018.09.007 
ENERGY FLOWS IN GESTURE-SPEECH PHYSICS      47 
Dediu, D., Janssen, R. & Moisik, S.R. Weak biases emerging from vocal tract anatomy shape 
the repeated transmission of vowels. Nature Human Behavior. Doi: 
https://doi.org/10.1038/s41562-019-0663-x 
Esteve-Gibert, N., & Prieto, P. (2013). Prosodic structure shapes the temporal realization of 
intonation and manual gesture movements. Journal of Speech, Language, and 
Hearing Research, 56(3), 850–864. https://doi.org/10.1044/1092-4388(2012/12-
0049) 
Fuchs, S. (2019). Vocal tract variations affect vowel sounds. Nature Human Behaviour. doi: 
10.1038/s41562-019-0683-6 
Fuchs, S., Petrone, C., Rochet-Capellan, A., Reichel, W. D., & Koenig, L. L. (2015). Assessing 
respiratory contributions to f0 declination in German across varying speech tasks 
and respiratory demands. Journal of Phonetics, 52, 35–45. 
https://doi.org/10.1016/j.wocn.2015.04.002 
Ghazanfar, A. A. (2013). Multisensory vocal communication in primates and the evolution 
of rhythmic speech. Behavioral Ecology and Sociobiology, 67(9). 
https://doi.org/10.1007/s00265-013-1491-z 
Gibson, J. (1966). The senses considered as perceptual systems. Boston: Houghton – Mifflin. 
Ginosar, S., Bar, A., Kohavi, G., Chan, C., Owens, A., & Malik, J. (2019). Learning individual 
styles of conversational gesture. Proceedings of the IEEE Conference on Computer 
Vision and Pattern Recognition, 3497–3506. Retrieved from 
https://arxiv.org/abs/1906.04160 
Hastie, T., & Hastie, M. T. (2018). Package ‘gam’. GAM Package CRAN, cran. r-project. 
org/web/packages/gam/gam.pdf. 
ENERGY FLOWS IN GESTURE-SPEECH PHYSICS      48 
Hardus, M. E., Lameira, A. R., Schaik, C. S., & Wich, S. A. (2009). Tool use in wild orang-utans 
modifies sound production: A functionally deceptive innovation? Proceedings of the 
Royal Society B: Biological Sciences, 276(1673), 3689–3694. 
https://doi.org/10.1098/rspb.2009.1027 
He, L., & Dellwo, V. (2017). Amplitude envelope kinematics of speech: Parameter extraction 
and applications. The Journal of the Acoustical Society of America, 141(5), 3582–
3582. https://doi.org/10.1121/1.4987638 
Hübscher, I., & Prieto, P. (2019). Gestural and prosodic development act as sister systems 
and jointly pave the way for children’s sociopragmatic development. Frontiers in 
Psychology, 10. https://doi.org/10.3389/fpsyg.2019.01259 
Hodges, P. W., & Richardson, C. A. (1997). Feedforward contraction of transversus 
abdominis is not influenced by the direction of arm movement. Experimental Brain 
Research, 114(2), 362–370. https://doi.org/10.1007/pl00005644 
Ingber, D. W. (2008). Tensegrity and mechanotransduction. Journal of Bodywork and 
Movement Therapies, 12(3), 198–200. https://doi.org/10.1016/j.jbmt.2008.04.038 
Iverson, J. M., & Thelen, E. (2005). Hand, mouth and brain: The dynamic emergence of 
speech and gesture. Journal of Consciousness Studies, 22. 
Kelso, J. A. S., Tuller, B., & Harris, K. (1983). A “dynamic Pattern” Perspective on the Control 
and Coordination of Movement. In McNeilage, P. F. (Ed.), The production of speech 
(pp. 137-173). New York: Springer.  
Krahmer, E., & Swerts, M. (2007). The effects of visual beats on prosodic prominence: 
Acoustic analyses, auditory perception and visual perception. Journal of Memory and 
Language, 57(3), 396–414. https://doi.org/10.1016/j.jml.2007.06.005 
ENERGY FLOWS IN GESTURE-SPEECH PHYSICS      49 
Krauss, R. M., Chen, Y., & Gottesman, R. F. (2000). Lexical gestures and lexical access: A 
process model. In D. McNeill (Ed.), Language and gesture. Retrieved from 
http://www.columbia.edu/~rmk7/PDF/GSP.pdf 
Kelso, S., Tuller, B. (1984). Converging evidence in support of common dynamical principles 
for speech and movement coordination. The American Journal of Physiology, 246, 928-
935. https://doi.org/10.1152/ajpregu.1984.246.6.R928 
Krivokapic, J., Tiede, M. K., Tyrone, M. E., & Goldenberg, D. (2016). Speech and manual 
gesture coordination in a pointing task. Proceedings of Speech Prosody 2016, 
https://doi.org/10.21437/SpeechProsody.2016-255 
Kucherenko, T., Hasegawa, D., Henter, G. E., Kaneko, N., & Kjellström, H. (2019). Analyzing 
input and output representations for speech-driven gesture generation. Proceedings 
of the 19th ACM International Conference on Intelligent Virtual Agents  - IVA ’19, 97–
104. https://doi.org/10.1145/3308532.3329472 
Kugler, P. N., & Turvey, M. T. (1987). Information, natural law, and the self-assembly of 
rhythmic movement. Hillsdale, NJ: L. Erlbaum Associates. 
Ladefagod, P. (1968). Linguistic aspects of respiratory phenomena. In A. Bouhuys (Ed.), 
Sound Production in Man (pp. 141–151). New York: New York Academy of Sciences. 
Lieberman, P. (1996). Some biological constraints on the analysis of prosody. In J. L. 
Morgan & K. Demuth (Eds.), Signal to syntax (pp. 67–78). Mahwah, NJ: Erlbaum. 
Lenth, R., & Lenth, M. R. (2017). Package ‘lsmeans’’.’ The American Statistician, 34(4), 216–
221. 
ENERGY FLOWS IN GESTURE-SPEECH PHYSICS      50 
Leonard, T., & Cummins, F. (2011). The temporal relation between beat gestures and 
speech. Language and Cognitive Processes, 26(10), 1457–1471. 
https://doi.org/10.1080/01690965.2010.500218 
Levin, S. M. (2006). Tensegrity: The new biomechanics. In M. Hutson & R. Ellis (Eds.), 
Textbook of muscularskeletal medicine (pp. 69–80). Oxford, England: Oxford 
University Press. 
Loehr, D. P. (2012). Temporal, structural, and pragmatic synchrony between intonation and 
gesture. Laboratory Phonology, 3(1), 71–89. https://doi.org/10.1515/lp-2012-0006 
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